Genital herpes, caused by herpes simplex virus type 2 (HSV-2), is one of the most prevalent sexually transmitted diseases worldwide and a risk factor for acquiring human immunodeficiency virus. Although many vaccine candidates have shown promising results in animal models, they have failed to be effective in human trials. In this study, a humanized mouse strain was evaluated as a potential preclinical model for studying human immune responses to HSV-2 infection and vaccination. Immunodeficient mouse strains were examined for their abilities to develop human innate and adaptive immune cells after transplantation of human umbilical cord stem cells. A RAG2 ؊/؊ ␥c ؊/؊ mouse strain with a BALB/c background was chosen as the most appropriate model and was then examined for its ability to mount innate and adaptive immune responses to intravaginal HSV-2 infection and immunization. After primary infection, human cells in the lymph nodes were able to generate a protective innate immune response and produce gamma interferon (IFN-␥). After intravaginal immunization and infection, human T cells and NK cells were found in the genital tract and iliac lymph nodes. In addition, human T cells in the spleen, lymph nodes, and vaginal tract were able to respond to stimulation with HSV-2 antigens by replicating and producing IFN-␥. Human B cells were also able to produce HSV-2-specific immunoglobulin G. These adaptive responses were also shown to be protective and reduce local viral replication in the genital tract. This approach provides a means for studying human immune responses in vivo using a small-animal model and may become an important preclinical tool.
Genital herpes, caused primarily by herpes simplex virus type 2 (HSV-2), is one of the most prevalent sexually transmitted diseases in the world and is associated with substantial morbidity (13) . After initial infection of the genital tract, the virus establishes latency within the nervous system and thus maintains lifelong infection in humans. Latent virus can reactivate and cause recurrent symptoms, including genital lesions; however, subclinical infection and asymptomatic viral shedding also occur (11, 35, 40, 53) . HSV-2 has gained increasing interest in the light of evidence that it is a major risk factor for human immunodeficiency virus type 1 (HIV-1) acquisition and transmission and for the progression of HIV-1 infection (8, 9, 17, 25, 37, 55, 56) . In addition, there is evidence that anti-HSV therapy can reduce the amount of infectious HIV-1 in the genital tracts of women (9, 45) . Although antiviral treatment is available and can reduce the severity of the infection, compliance problems, as well as difficulty in diagnosing infection in patients, have hampered efforts to control the disease. A vaccine would provide a more effective way of preventing or limiting infection and would therefore greatly reduce the social and economic burdens caused by HSV-2 infection.
Several vaccine candidates exist; however, they have proven to be less successful in clinical trials than anticipated, and new strategies may need to be developed (24, 61) . A key concern is that preclinical vaccine strategies have been evaluated largely by using studies performed with mouse models of HSV-2 infection and, thus, the immune responses observed were mediated by murine cells. As a consequence, the results of these studies may not accurately represent the human immune response to infection. In order to develop an effective vaccine and/or treatment, it is necessary to understand which immune mechanisms provide protection against infection at the site of viral entry, the vaginal tract, and how these immune responses can be induced in humans.
Innate and adaptive immune responses are both important for controlling HSV-2 infection. Innate immune cells such as NK and NKT cells are required for protection against genital HSV-2 infection in mice (1) and in humans; NK cells accumulate at sites of HSV-2 infection and can lyse HSV-infected cells (30, 67) . Adaptive immune responses to HSV-2 include the cellular response mediated by CD4 ϩ and CD8 ϩ T cells and the humoral response mediated by B cells and antibodies. There is much evidence that T cells play a crucial role in protection against HSV-2 in mice and humans (28) . T cells are present in herpes lesions, and depletion of T cells in mice greatly reduces protection (16, 27, 29, 30, 44, 51, 70) . Gamma interferon (IFN-␥), which is produced early after infection by NK cells and later by CD4 ϩ T cells, has been shown to be a crucial cytokine for the control of HSV (43, 52, 58, 63) . Although HSV-2-specific antibodies are produced in response to infection and vaccination, a correlation with protection in humans has not been established (2, 3, 7, 10, 11, 48) . In mice, a role for antibodies early after infection has been shown; however, if B cells are knocked out, mice are still able to eventually clear the virus (16, 50) . Although we do not have a complete understanding of the components that are necessary for protection, it appears that both innate and adaptive immune responses will be re-quired and that it will be important to elicit these responses at the site of infection in the genital tract.
The lack of an effective vaccine and accurate translation of results obtained with mice to humans indicates a need for a more relevant preclinical model to study human immune responses and disease. Substantial improvements in the development of humanized mice have made them a novel tool for the study of human diseases (69) . Human CD34 ϩ stem cells have been injected into several immunodeficient mouse strains, such as NOD/SCID/␥c Ϫ/Ϫ and RAG2 Ϫ/Ϫ ␥c Ϫ/Ϫ mice, in which superior engraftment has resulted in multilineage differentiation of the human cells (23, 64) . These novel humanized mice have been shown to develop human immune responses to pathogens such as Epstein-Barr virus, dengue virus, and influenza virus and to immunization with cholera toxin (33, 64, 66, 68) . In addition, humanized mice can support infection with HIV after systemic or mucosal challenge in the vaginal tract and rectum (4-6, 62, 65) . HSV-2 infection in humanized mice has not been examined, and mucosal immunization that can provide protection from infection with wild-type virus has also not been demonstrated. In addition, although it is clear that adaptive immune responses can be generated in humanized mice, innate responses to viral infection have not been extensively examined.
In this study, we evaluated three immunodeficient mouse strains for their abilities to engraft human umbilical cordderived stem cells and support the differentiation of these cells into important innate and adaptive immune cells. The most appropriate model was then used to examine mucosal immune responses following primary HSV-2 infection, immunization, and secondary HSV-2 challenge. We show for the first time that the humanized mice can mount protective human NK cell-mediated innate immune responses to primary mucosal infection with HSV-2. In addition, mucosal immunization and infection can induce HSV-2-specific antibody production and, to a greater extent, T-cell-mediated responses both systemically and locally in the genital tracts of humanized mice. We further show that mucosal immunization can provide protection against a lethal intravaginal (IVAG) challenge with HSV-2.
MATERIALS AND METHODS
Mice. NOD/SCID mice were purchased from the Jackson Lab (Bar Harbor, ME). C57BL/6 RAG2 Ϫ/Ϫ ␥c Ϫ/Ϫ mice were purchased from Taconic (Germantown, NY). Breeding pairs of BALB/c RAG2 Ϫ/Ϫ ␥c Ϫ/Ϫ mice were generously provided by M. Ito (Central Institute for Experimental Animals, Kawasaki, Japan). All mice were bred and maintained under specific-pathogen-free conditions at the McMaster University Health Sciences Center. Mouse colonies were maintained on a 12-h light/12-h dark cycle.
Isolation of human stem cells from umbilical cord blood and transplantation into mice. Human cord blood samples (Department of Labor and Delivery, McMaster University Health Sciences Center, Hamilton, Ontario, Canada) were obtained with written informed parental consent. Mononuclear cells were isolated from cord blood using HetaSep (Stem Cell Technologies, Vancouver, British Columbia, Canada). Samples were enriched for CD34 ϩ cells through the removal of lineage-committed cells by a cocktail of antibodies with the RosetteSep system according to the instructions of the manufacturer (Stem Cell Technologies, Vancouver, BC, Canada). Samples were frozen immediately until use.
Mice were inoculated with human stem cells on the day of birth. NOD/SCID and RAG2 Ϫ/Ϫ ␥c Ϫ/Ϫ mice were irradiated twice over a 3-to 4-h interval. NOD/SCID mice received two doses of 1.5 Gy, and RAG2 Ϫ/Ϫ ␥c Ϫ/Ϫ mice received two doses of 3 Gy. After the second dose of irradiation, mice were inoculated intrahepatically with approximately 1 ϫ 10 6 to 2 ϫ 10 6 CD34-enriched cells in 30 l of phosphate-buffered saline (PBS) by using a 30-gauge needle. Control mice were irradiated using the same protocol but did not receive any human cells. Mice were weaned at 3 weeks of age. Analysis of human cell engraftment. Mice were euthanized 12 to 16 weeks posttransplantation and examined for the presence of human lymphocytes. Single-cell suspensions were prepared from bone marrow, spleen, lymph node, thymus, blood, and vaginal tract samples. Bone marrow cells were removed from the leg bones by flushing with PBS and then passed through a 40-m filter. Spleens, lymph nodes, and thymuses were pressed through a 40-m filter, and red blood cells were removed with ACK lysis buffer. Vaginal tracts were digested using collagenase A (Life Technologies, Rockville, MD) for 2 h and then passed through a 40-m filter.
Cells were stained for fluorescence-activated cell sorter (FACS) analysis with antibodies against human CD45, CD19, CD3, CD4, CD8, CD56, and CD16 (BD Pharmingen, San Diego, California). Flow cytometric data were collected using a FACScan or LSR II instrument (Becton Dickinson) and were analyzed using FlowJo software.
Vaccination of BALB/c RAG2 ؊/؊ ␥c ؊/؊ mice. Mice with and without reconstituted human cell populations were injected subcutaneously with 2 mg of medroxyprogesterone (Depo-Provera; Upjohn, Don Mills, Ontario, Canada) 5 days before immunization. Mice were vaccinated IVAG with 10 3 PFU/ml thymidine kinase-negative HSV-2 (HSV-2 Tk Ϫ ) in PBS at a total volume of 10 l/mouse. To deliver vaccine, mice were anesthetized with ketamine-xylazine (0.75:0.25 ml) given intraperitoneally; their tails were lifted, and vaccine was administered into the vagina. Mice were kept on their backs under the influence of anesthesia for 45 min to 1 h to allow the inoculum to be taken up.
Infection of BALB/c RAG2 ؊/؊ ␥c ؊/؊ mice with HSV-2. Three weeks after immunization or 5 days after medroxyprogesterone treatment only, mice with and without reconstituted human cell populations were challenged with wild-type HSV-2 strain 333. Immunized mice were challenged with 3 ϫ 10 2 PFU, and unimmunized mice were challenged with 2 ϫ 10 2 PFU (low dose). Both doses were lethal to mice without reconstituted human cell populations. Mice were anesthetized and placed on their backs, and virus in PBS at a total volume of 10 l/mouse was administered IVAG. Mice remained anesthetized for 45 min to 1 h to allow infection. Viral titration. Vaginal wash fluids were collected from mice for 5 days following challenge. Wash samples were obtained by pipetting 2ϫ 30 l of PBS into and out of the vagina several times. Viral titers in vaginal wash fluids were determined by a plaque assay. Vero cells were grown in ␣-minimal essential medium (Gibco Laboratories, Burlington, Canada) supplemented with 5% fetal calf serum (Gibco, Burlington, Canada), 1% penicillin-streptomycin (Invitrogen, Burlington, Ontario), and L-glutamine (Gibco). Vero cells were grown to confluence in 12-well plates. Vaginal wash samples were diluted and added to Vero cell monolayers. Infected monolayers were incubated at 37°C for 1 h and were rocked every 15 min for viral absorption. Infected monolayers were overlaid with ␣-minimal essential medium supplemented with 0.05% globulin from human immune serum (Canadian Blood Services). Infection was allowed to occur for 48 h at 37°C. Monolayers were then fixed and stained with crystal violet, and viral plaques were counted under a light microscope.
T-cell proliferation assay using CFSE (carboxyfluorescein diacetate succinimidyl ester). Spleens, lymph nodes, and vaginal tracts were removed from immunized mice with reconstituted human cell populations 4 to 6 days after challenge with HSV-2. Unimmunized mice with reconstituted human cell populations were used as controls. Single-cell suspensions were made from samples of each tissue. Spleens and lymph nodes were passed through a 40-m mesh, and vaginal tracts were cut into small pieces by using a scalpel and then digested with collagenase A (Life Technologies, Rockville, MD). Red blood cells were removed using ACK lysis buffer.
Cells (5 ϫ 10 5 ) were labeled with CFSE and cultured with either medium alone, HSV lysate (10 g/ml), or concanavalin A (ConA; 5 g/ml) in a 96-well plate for 4 days at 37°C. The HSV lysate was prepared from a large virus stock that was UV inactivated and lysed by freeze-thawing, with the protein measured after lysis. The lysate was tested on Vero cells to ensure that no live virus was detected. After 4 days, cells were harvested and stained with CD45 and CD3. Flow cytometric data were collected using an LSR II machine (BD Biosciences). Data were analyzed using FlowJo software. Antigen-specific proliferation was calculated by taking the percentage of CD3 ϩ cells that divided in response to stimulation with HSV lysale and subtracting the percentage of CD3 ϩ cells that divided with no stimulation in medium alone.
IFN-␥ ELISA. Human IFN-␥ in cell culture supernatants was measured using a human IFN-␥ enzyme-linked immunosorbent assay (ELISA) kit (BD Biosciences). Single-cell suspensions of spleen, lymph node, and vaginal tract cells were prepared as described above.
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FIG. 1. Reconstitution of human lymphocyte populations in immunodeficient mice. Mice of three different strains received human umbilical cord blood-derived stem cells at birth. Cells from the bone marrow, spleen, mesenteric lymph node, and thymus tissues were removed after 12 weeks and examined for the presence of human lymphocytes. Cells were labeled with the markers CD45, CD19, CD3, and CD56 and detected using FACS analyses. Solid histogram lines represent results for mice with reconstituted human cell populations, and dotted lines represent results for control mice without reconstituted human cell populations. N/A, not applicable (analysis was not performed due to the absence of tissue from the mouse strain).
To evaluate adaptive immune responses, tissues were taken from immunized mice with reconstituted human cell populations 4 to 6 days after infection with wild-type HSV-2. Cells (5 ϫ 10 5 /well) were cultured in a 96-well plate with either medium alone, HSV-2 lysate (10 g/ml), or ConA (5 g/ml), and supernatants were removed after 72 h. Cells from unimmunized mice with reconstituted human cell populations were used as controls.
To evaluate innate production of IFN-␥, mesenteric lymph nodes were taken from mice with reconstituted human cell populations 48 h after challenge with wild-type HSV-2. Cells (5 ϫ 10 5 /well) were cultured in 96-well plates and stimulated with either medium alone or 200 ng/ml interleukin-15 (IL-15; R&D Systems) for 48 h. Cells from uninfected mice with reconstituted human cell populations were used as controls.
Antibody measurement. Blood was taken from mice by retro-orbital bleeding. Sera were separated by centrifugation. Total human antibody levels in sera were measured with an ELISA kit (Bethyl Laboratories, Montgomery, TX). HSVspecific immunoglobulin G (IgG) levels were measured in sera taken from mice with reconstituted human cell populations before immunization, 3 weeks after immunization with HSV-2 Tk Ϫ , or 1 week after challenge with wild-type HSV-2 (using previously immunized mice). HSV-specific human IgG was measured using an ELISA kit (Alpco Diagnostics, Salem, NH).
Statistics. The statistical significance of the survival rates was determined by the 2 test. Viral titer data were analyzed using analysis of variance. Differences in percentages of cells divided, IFN-␥ production, and antibody production were evaluated using Student's t test. A P value of Ͻ0.05 was considered statistically significant.
RESULTS
Reconstitution of human lymphocyte populations in immunodeficient mouse strains. Newborn NOD/SCID, C57BL/6 RAG2 Ϫ/Ϫ ␥c Ϫ/Ϫ , and BALB/c RAG2 Ϫ/Ϫ ␥c Ϫ/Ϫ mice were irradiated and injected with human CD34-enriched cord blood cells. Twelve to fourteen weeks later, reconstitution in various tissues was evaluated by FACS analysis. Reconstitution of human CD45 ϩ cell populations was observed only in NOD/SCID and BALB/c RAG2 Ϫ/Ϫ ␥c Ϫ/Ϫ mice and not in C56BL/6 RAG2 Ϫ/Ϫ ␥c Ϫ/Ϫ mice (Fig. 1A) . The reconstitution was observed in all tissues examined; however, only the BALB/c RAG2 Ϫ/Ϫ ␥c Ϫ/Ϫ mice developed lymph nodes and a thymus. In order for a humanized mouse model to be useful for immunization and infection studies, the primary innate and adaptive immune cells must be present. For this study, the development of human B cells, T cells, and NK cells was important. Differences in the types of human cells that developed in the two mouse strains with reconstituted cell populations were observed. B cells (CD19 ϩ ) developed in the bone marrow and spleens of NOD/SCID mice and were the predominant human cell type in these tissues (Fig. 1B) . The BALB/c RAG2 Ϫ/Ϫ ␥c Ϫ/Ϫ mice developed B cells in the bone marrow, lymph nodes, and spleen (Fig. 1B) . As shown in Fig.  1C , T cells (CD3 ϩ ) were not detected in the NOD/SCID mice; however, the BALB/c RAG2 Ϫ/Ϫ ␥c Ϫ/Ϫ mice developed T cells in the thymus, lymph nodes, and spleen, but no CD3 ϩ cells were detected in the bone marrow of these mice. Figure 1D shows that NK/NKT cells (CD56 ϩ ) developed in the spleens, lymph nodes, and thymuses of the BALB/c RAG2 Ϫ/Ϫ ␥c Ϫ/Ϫ mice; however, no CD56 ϩ cells were detected in the NOD/ SCID mice. In light of the above-described observations (Table 1), it was concluded that the BALB/c RAG2 Ϫ/Ϫ ␥c Ϫ/Ϫ mice were the most appropriate model to use in this study. Therefore, all further experiments were carried out with the BALB/c RAG2 Ϫ/Ϫ ␥c Ϫ/Ϫ mice only. In order to further characterize the T and NK cells, cells from the spleen, thymus, and lymph node samples were examined for the presence of CD4/CD8 on T cells and CD16/CD3 on NK cells. Figure 2 shows representative distribution patterns of cells in the spleen (Fig. 2A), thymus (Fig. 2B) , and mesenteric lymph node (Fig. 2C) tissues, although it is important that the proportions of CD3 ϩ and CD56 ϩ cells were variable among mice and that the proportions of subsets of these cells were similarly variable.
Mice with reconstituted human cell populations develop innate immune responses after HSV-2 challenge. We have previously shown that NK and NKT cells in BALB/c RAG2 Ϫ/Ϫ ␥c Ϫ/Ϫ mice were functional against a K562 tumor challenge (A. Kwant-Mitchell, E. A. Pek, K. L. Rosenthal, and A. A. Ashkar, submitted for publication). In order to determine whether the innate cells were functional against a mucosal viral challenge, mice were infected IVAG with 2 ϫ 10 2 PFU of wild-type HSV-2. Forty-eight hours after infection, cells from the mesenteric lymph nodes were examined for the production of IFN-␥. As a positive control, some of the cells from each mouse were stimulated with human IL-15, which is a potent stimulator of NK cells and causes them to produce IFN-␥ (59). As a control, IFN-␥ production by cells from uninfected mice with reconstituted human cell populations was also measured. In the absence of IL-15 stimulation, the cells from infected mice produced significantly more IFN-␥ than the cells from uninfected mice (P Ͻ 0.05) (Fig. 3A) . When stimulated with IL-15, cells from both infected and uninfected mice produced IFN-␥ (Fig. 3A) .
The innate immunity conferred by the human cells was further examined by measuring survival rates of and viral titers in mice with reconstituted human cell populations after a muco- Fig. 3B , over 80% of the mice with reconstituted human cell populations survived the viral challenge, and all of the mice without reconstituted human cell populations succumbed to infection. In addition, the mice with reconstituted human cell populations had significantly (P Ͻ 0.05) lower viral titers than the mice without reconstituted human cell populations (Fig. 3C) , supporting a role for innate immune responses in controlling viral replication early after infection. Human lymphocytes home to vaginal tissues after mucosal immunization and challenge. Mice with reconstituted human cell populations were immunized IVAG with attenuated HSV-2 Tk Ϫ and challenged IVAG 3 weeks later with wild-type HSV-2. Five to seven days after challenge, mice were eutha- Cells from both infected (n ϭ 6) and uninfected (n ϭ 4) mice produced human IFN-␥ when stimulated with IL-15. (B) Mice with (n ϭ 6) and without (n ϭ 6) reconstituted cell populations were infected IVAG with wild-type HSV-2. The survival rate of mice with reconstituted cell populations was significantly higher than that of mice without reconstituted cell populations after primary infection (P Ͻ 0.05). (C) Vaginal washes were taken from mice with (n ϭ 6) and without (n ϭ 6) reconstituted cell populations on days 1, 2, and 3 after HSV-2 infection, and viral titers were measured using a plaque assay on Vero cells. The graph shows that the average HSV-2 titers (Ϯ SEM) were below the detectable level in mice with reconstituted cell populations and were much higher in mice without reconstituted cell populations. nized and tissues were removed. Among mice with reconstituted cell populations, several that had been immunized and/or infected IVAG developed iliac lymph nodes; however, none of the unimmunized or uninfected mice developed iliac lymph nodes. In addition, human cells were detected in the vaginal tract only after immunization and/or infection. The cells in the iliac lymph nodes were primarily T cells, including both CD4 ϩ and CD8 ϩ cells (Fig. 4A ). In the vaginal tract, the human cells that were detected were CD8 ϩ T cells and CD3 Ϫ CD16 ϩ NK cells (Fig. 4B) . Thus, cross-species interactions facilitating homing appear to be successful in this humanized mouse model.
Mice with reconstituted human cell populations mount HSV-2-specific human adaptive immune responses. After the demonstration that human adaptive immune cells are present in the humanized mice and exist within the systemic and mucosal compartments after IVAG immunization, the human T and B cells were examined for their antigen-specific functions.
Cells were taken from the spleens, lymph nodes, and vaginal tracts of immunized and unimmunized mice, and T-cell activities in response to HSV-2 antigens were compared. Human T cells from the spleens of immunized mice divided in response to HSV antigen and ConA, while cells from unimmunized mice divided only when stimulated with ConA (Fig. 5A ). As shown in Fig. 5B , a significantly higher percentage of T cells from immunized mice than from unimmunized mice divided (P Ͻ 0.05). In addition, spleen cells from immunized mice produced human IFN-␥ when stimulated with HSV lysate, whereas cells from unimmunized mice produced IFN-␥ only in response to the positive control, ConA (Fig. 5C) .
Lymph node cells were also examined; however, unimmunized mice did not develop iliac lymph nodes, and therefore only mesenteric lymph nodes from unimmunized mice were used as controls. As shown in Fig. 5D and E, T cells from the mesenteric and, to a greater extent, the iliac lymph nodes from immunized mice divided in response to HSV lysate. T cells from mesenteric lymph nodes from unimmunized mice divided significantly less in response to HSV-2 lysate (P Ͻ 0.05) but did divide when stimulated with ConA. Lymph node cells from immunized mice also produced significantly more human IFN-␥ when stimulated with HSV-2 lysate than cells from unimmunized mice (P Ͻ 0.05) (Fig. 5F ). Human cells were detected in the vaginal tract only after immunization, and therefore, no unimmunized mice could be used as controls. Figure 5G and H show that T cells from the vaginal tracts of immunized mice divided in response to HSV lysate and ConA much more than cells in the absence of stimulation. In addition, vaginal cells produced human IFN-␥ in response to HSV-2 lysate but made very little when left unstimulated (Fig. 5I) .
Human B-cell responses were also examined by measuring antibody production in sera from immunized and unimmunized mice. To ensure that isotype switching could occur in the mice, total IgM, IgG, and IgA levels were first measured. The humanized mice were able to produce all three antibody isotypes (Fig. 6A) . In order to examine antigen-specific responses, sera from mice were taken before immunization, 2 weeks after immunization, or after challenge. Immunized and immunized/ challenged mice produced detectable and significantly higher levels of HSV-2-specific IgG than naïve mice (P Ͻ 0.05) (Fig. 6B) . 
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Increased survival rates of mice with reconstituted human cell populations after immunization and challenge. In order to determine whether the human cells in the mice could respond to immunization and protect against infection, mice with and without reconstituted human cell populations were immunized with HSV-2 Tk Ϫ and challenged 3 weeks later with a dose of wild-type HSV-2 that is lethal to mice without reconstituted human cell populations. The immunization and challenge were both delivered mucosally via the IVAG route. As shown in survive the challenge whereas over half of the mice with reconstituted human cell populations survived the challenge (P Ͻ 0.005). In addition, vaginal wash samples were taken for 5 days following challenge and viral titers were measured. The mice with reconstituted human cell populations had significantly lower vaginal viral titers than the mice without reconstituted human cell populations (P Ͻ 0.05) (Fig. 7C) .
In a separate experiment, mice were given a low dose of wild-type HSV-2 and the surviving mice with reconstituted human cell populations were then rechallenged with a higher dose of HSV-2. None of the mice without reconstituted human cell populations survived the low-or high-dose challenge; however, all of the mice with reconstituted human cell populations that survived the low-dose challenge also survived the highdose challenge (Fig. 7B) . Furthermore, the vaginal viral titers in the mice with reconstituted human cell populations were significantly lower than those in the mice without reconstituted human cell populations (Fig. 7D) .
DISCUSSION
A novel mouse model in which human immune responses to HSV-2 can be observed may be an important tool for preclinical evaluation of antiviral therapies and vaccines. This study has demonstrated the ability of an immunodeficient mouse strain to engraft human stem cells and support the development of human immune cells that are essential for innate and adaptive immunity to HSV-2. Importantly, the human immune cells can migrate to the vaginal tract and respond to mucosal primary infection, immunization, and secondary infection. The human immune response is robust enough to provide protection against a lethal dose of HSV-2 and significantly impair local viral replication.
In an attempt to identify the most appropriate murine recipient for human stem cells, we investigated three immunodeficient mouse strains for their abilities to support engraftment. The NOD/SCID strain has been used frequently to evaluate the health and repopulating ability of human stem cells (21, 36, 57) . NOD/SCID mice lack murine T and B cells and have impaired innate immune functions, which allows for consistent and relatively high levels of human immune cell engraftment (as measured by the presence of human CD45 ϩ cells in the bone marrow and spleen tissues). Although human immune cells from multiple myeloid, erythroid, and B-cell lineages have been detected in these mice, this study and others have shown that human T and NK cells do not develop (12, 20, 22, 26, 46) . This lack of differentiation makes this model inappropriate for studies involving innate and adaptive immune responses, and it was therefore not used any further in this work. As an alternative to the NOD/SCID mutations, the RAG2 Ϫ/Ϫ and ␥c Ϫ/Ϫ mutations confer a complete and permanent lack of T, B, and NK cells. RAG2 Ϫ/Ϫ ␥c Ϫ/Ϫ mice with two different backgrounds, C57BL/6 and BALB/c, were tested. We Ϫ/Ϫ and ␥c Ϫ/Ϫ mutations are the same, differences in the background strain may be responsible. As the focus of this research was determining the most appropriate strain to use for studying the human innate and adaptive immune responses, we used the BALB/c RAG2 Ϫ/Ϫ ␥c Ϫ/Ϫ mice for all future experiments.
Our knowledge of the immune responses generated against HSV-2 has been obtained primarily from in vivo studies using mouse models of HSV-2 and in vitro studies using human samples. This approach has limited our ability to apply the results to in vivo human responses and thus understand what components of the immune response are essential for protection in humans. The innate immune response to HSV-2 is not fully understood, and our knowledge of in vivo human NK cell functions, such as IFN-␥ production, is lacking. In mice, NK and NKT cells are required for protection against mucosal HSV-2 infection (1) and IFN-␥ is produced locally after infection (43, 63) . In humans, NK cells accumulate at the site of HSV-2 infection (30), and in one study, patients with severe HSV infections were found to be lacking in NK cells (15) . in response to stimulation with IL-15 and infection with HSV-2. In addition, the human innate immune response was capable of protecting mice against a primary genital HSV-2 infection and could significantly limit vaginal viral replication. The adaptive immune response has been studied more extensively in an effort to understand which components are most important for protection against infection, limitation of symptoms, and prevention of transmission. In mice, the best protection against vaginal HSV-2 infection is achieved by immunizing with attenuated virus HSV-2 Tk Ϫ , delivered via the genital mucosa (52) . CD4 ϩ and CD8 ϩ T-cell responses, as well as IFN-␥ production, have been shown to play crucial roles in this protection (39, 41, 43, 44, 51) . In addition, IgG has been shown to be the primary HSV-2-specific antibody in vaginal secretions following IVAG infection, whereas the role of secretory IgA seems to be less important (38, 42, 47, 49) . In humans, it is not clear whether protective responses are mediated by T cells, antibodies, or some combination of the two. HSV-2-infected patients have been examined, and both HSV-2-specific antibodies and T cells have been detected in genital lesions (2, 14, 27, 28, 30, 54) . However, results from several vaccine trials have indicated that the production of antibodies may not be sufficient for protection, and thus, cellular immunity is now regarded as an essential component of a protective human anti-HSV-2 immune response. In addition to the type of immune response that is important for protection, the best route of administration for a vaccine has been debated. Since HSV-2 infection is a mucosal infection that is initiated at the vaginal mucosa, many studies have been aimed at inducing local, genital immune responses as well as systemic ones. In mice, both intranasal and IVAG vaccine deliveries have proven to be effective at inducing genital immune responses, and there is evidence that intranasal immunization also elicits genital immune responses in humans (18, 19, 31, 32, 34, 60) . In this study, we have shown that human T cells migrate to the vaginal tract after immunization and infection. In addition, iliac lymph nodes, which drain the genital tract, develop only after vaginal infection and also contain T cells. The human T cells from the spleen, lymph nodes, and vaginal tract are functional and respond specifically to HSV-2 antigens by replicating and producing human IFN-␥. Human B cells are also functional, as they produce antibodies which can be detected in the serum and are also able to make HSV-2-specific IgG after immunization and infection. Since engraftment, expansion, and homing of human cells is observed in our model, there is likely some degree of cross-species reactivity between mice and humans; however, this issue is known to represent a potential problem with current humanized mouse models. Indeed, several strategies to improve humanized mouse models involve making human-derived molecules more available to the engrafted cells.
The ultimate test of a vaccine is whether it can provide protection against infection with wild-type virus. In this study, two immunization approaches were used. One group of mice with reconstituted human cell populations was immunized IVAG with an attenuated strain of HSV-2, and another group was infected IVAG with a low dose of wild-type HSV-2. Both of these immunization strategies induced a human immune response that was strong enough to protect against a secondary IVAG wild-type HSV-2 infection. Furthermore, local viral titers in the genital tracts of immunized mice were kept significantly lower than those in the genital tracts of unimmunized mice, and many immunized mice showed no detectable virus. It is therefore clear from these studies that the human immune IgG were detected in the sera of immunized and immunized/challenged mice than in the sera of naïve mice ( * , P Ͻ 0.05; n ϭ 3 naïve, 6 immunized, and 7 immunized and challenged mice). HSV-2-specific IgG was measured by ELISA.
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on July 1, 2017 by guest http://jvi.asm.org/ cells in the mice are functional and are able to mount antigenspecific systemic and mucosal immune responses after immunization and infection. HSV-2 is becoming more prevalent in the human population and is emerging as a significant risk factor for HIV infection. There is no effective vaccine for HSV-2, and many candidates that showed promise in murine studies showed little effect in humans. The present study outlines a model that may potentially be used for preclinical testing of vaccines, as well as the study of human immune responses in an in vivo setting. Humanized BALB/c RAG2 Ϫ/Ϫ ␥c Ϫ/Ϫ mice can mount both innate and adaptive immune responses to HSV-2, and human immune cells can migrate into the genital mucosa, where natural infection most often occurs.
